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The function of the equine herpesvirus type 1 (EHV-1) glycoprotein K (gK) homologue was investigated. Deletion of 88% of the UL53-
homologous open reading frame in EHV-1 strain RacH resulted in a severe growth defect of the gK-negative virus (HDgK) as reflected by a
significant decrease in the production of infectious virus progeny on RK13 cells. The HDgK virus induced only minute plaques, was unable
to form syncytia, and its penetration efficiency into RK13 cells was reduced by approximately 40%. To further analyze gK function and
intracellular trafficking, gK of strain RacH was replaced by a C-terminally truncated gK-green fluorescent protein fusion protein (gK-GFP).
The generated recombinant virus was shown to replicate well on non-complementing cells, and virus penetration and syncytium formation
were comparable to parental RacH. A reduction in plaque size and slightly decreased intra- and extracellular virus titers, however, were
observed. The gK-GFP fusion protein was expressed with early–late kinetics, and multiple forms of the protein exhibiting Mrs between
50,000 and 85,000 were detected by Western blot analysis. The various gK-GFP forms were shown to be N-glycosylated, associated with
membranes of the Golgi apparatus, and were incorporated into extracellular virions. Complete processing of gK-GFP was only observed
within the context of viral infection. From the results, we concluded that EHV-1 gK is required for efficient virus growth in vitro and that the
carboxy-terminal amino acids are not required for its function, because the gK-GFP fusion protein was able to complement for EHV-1 growth
in the absence of authentic gK.
D 2004 Elsevier Inc. All rights reserved.
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Equine herpesvirus type 1 (EHV-1) is a continuous threat
to horses worldwide. It has been classified into the
Alphaherpesvirinae subfamily (Allen and Bryans, 1986;
Roizman and Pellett, 2001). All alphaherpesviruses encode
for few multiply hydrophobic proteins, among them the
products of the UL10 (glycoprotein M, gM), the UL20, the
UL43, and the UL53 (gK) homologous genes (Roizman and0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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(A. Neubauer).Knipe, 2001; Telford et al., 1992). Of the multiply hydro-
phobic proteins of EHV-1, only gM has been studied in
detail and was proven to be required for efficient virus
replication in vitro and in vivo (Neubauer et al., 1997b;
Osterrieder et al., 1996, 2001).
To continue the analysis of this class of viral proteins, we
sought to assess the structure and function of the EHV-1 gK
homologue (UL53). Transcriptional analysis of the respec-
tive region in EHV-1 strain KyA indicated that gK is
transcribed as a true late 3.8 kb mRNA, which is bi-cistronic
and encodes the neighboring UL54 (ICP27) gene (Zhao et
al., 1992). A similar transcriptional organization is found in
several related viruses (Baumeister et al., 1995; Khadr et al.,
1996; Ren et al., 1994). The gK of herpes simplex virus 1
(HSV-1) has been the subject of considerable debate during
the last two decades, but some aspects of the protein’s004) 18–32
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work on gK was hampered because protein detection with
the available antisera proved to be very difficult (Hutch-
inson et al., 1992, 1995). Only recently and by using various
epitope-tagged versions of HSV-1 gK, conclusive data on its
membrane topology were accumulated. It is generally
accepted now that gK is present in virions and on the
plasma membrane of infected cells. The apparent Mrs of the
various gK-related protein moieties range from 25,000 to
43,000 as determined by Western blot analysis. The major
Golgi-derived and finally glycosylated form exhibits an Mr
of 36,000 (Foster et al., 2001, 2003a), and the protein
appears smaller than predicted from its primary amino acid
sequence. Obviously, the tertiary and quaternary structure
and the incomplete denaturation in the presence of detergent
and reducing agents are important aspects that determine the
apparent molecular weight of the highly hydrophobic
protein. More detailed analyses of various in vitro translated
and truncated forms of gK suggested three transmembrane
domains resulting in the prediction that only the N-terminal
region was exposed on the cell surface (Mo and Holland,
1997). This primary assessment, however, was refuted by a
recent study that used a library of various epitope tagged
viral mutants of gK. Analyses of cultured cells infected with
these recombinant viruses suggested that the N- and the
short C-terminal region of gK are exposed on the
extracellular surface of the plasma membrane (Foster et
al., 2003a).
To assess the function of HSV-1 gK, several mutant
viruses have been generated. Analyses of these viruses have
shown that gK is important for replication in cell culture and
that it is involved in virus egress (Foster and Kousoulas,
1999; Hutchinson and Johnson, 1995; Jayachandra et al.,
1997). Also, the influence of various domains on the overall
function was investigated (Foster and Kousoulas, 1999).
However, it is not completely clear whether gK functions in
one, more, or all of the processes resulting in virus egress,
which includes nuclear egress at the inner (envelopment)
and outer leaflet (de-envelopment) of the nuclear membrane,
secondary envelopment at cytoplasmic membranes, trans-
port of virion-laden vesicles through the cytoplasm, and the
latest step of the replication cycle, the release of mature
particles into the extracellular space. Involvement of gK
with the latter had originally been suggested by work done
with pseudorabies virus (PRV). These studies indicated that
PRV gK might be necessary to avoid immediate re-fusion of
mature virions with the virus-producing cells. It was also
pointed out in this study that gK does not only play a role in
egress but also facilitates virus penetration (Klupp et al.,
1998). In addition, maturation of PRV gK was proven to
depend on yet another multi-hydrophobic protein, as gK is
only fully glycosylated in the presence of the UL20 product
(Dietz et al., 2000). These data were then corroborated for
HSV-1 by studies that showed that presence of gK on the
cell surface was dependent on the expression of UL20,
indicating that this interaction might be conserved (Foster etal., 2003a). Interestingly, not only deletion but also over-
expression of gK inhibits replication of HSV-1; in the latter
case, particles accumulate in the perinuclear space as a result
of collapsing Golgi stacks (Foster et al., 2003b; Hutchinson
and Johnson, 1995).
It was also reported that point mutations causing the syn-
phenotype in HSV-1 map to the gK gene, indicating that the
protein exerts its function in viral replication by influencing
membrane fusion (Debroy et al., 1985; Dolter et al., 1994).
PRV gK does not inhibit fusion of cellular membranes in a
fusion assay, neither alone nor in cooperation with the UL20
product (Klupp et al., 2000), whereas a similar study using
HSV-1 expression constructs indicated that gK by itself was
sufficient to inhibit fusion of membranes induced by gB,
gD, gH, and gL (Avitabile et al., 2003). It is thus still
controversial whether gK is directly involved in fusion, and
whether it is able to inhibit or regulate membrane fusion
(Foster et al., 2003a; Hutchinson et al., 1993, 1995).
In this study, the structure and function of EHV-1 gK was
assessed. As several attempts to generate an antibody
against the protein failed, gK was tagged with the green
fluorescent protein (GFP). We present functional data on the
analysis of a gK deletion virus, as well as on a virus
expressing a mutant form of gK where the carboxy-terminal
nine of the last 17 amino acid hydrophilic stretch were
replaced by GFP, which allowed the identification of the
fusion protein in Western blots and direct fluorescence.Results
Construction of an EHV-1 gK deletion mutant
To investigate whether the UL53-homologous gene of
EHV-1 (Telford et al., 1992) encodes for a functional gene
product, a strategy of deleting the respective ORF by
mutagenesis of pRacH, a bacterial artificial chromosome
(BAC) clone of EHV-1 strain RacH, in Escherichia coli was
chosen (Fig. 1; Rudolph and Osterrieder, 2002). DNA of the
UL53 (gK) negative pRacH, named pHDgKDgp2, was
prepared of E. coli cells and shown to exhibit the correct
pattern after restriction enzyme digestion, agarose gel
electrophoresis, and Southern blotting (data not shown).
After transfection of pHDgKDgp2-DNA into RK13 cells,
only single infected cells and some minute plaques were
visible at various times post-transfection. These transfected
cells could be identified by expression of GFP encoded
within pHA2 sequences that replace the gp2-encoding gene
(gene 71) in pRacH (Rudolph and Osterrieder, 2002). To
further propagate the gK deletion virus, two different
recombinant RK13-based cell lines were developed. Cell
line TCgKGFP expressed a fusion protein of gK and GFP
under the control of the HCMV immediate early promoter, in
which the C-terminal nine amino acids of gK were deleted. A
selected green fluorescent TCgKGFP cell clone was used for
cotransfecting DNA of plasmid p71 (containing the gp2
Fig. 1. Genomic organization of the viruses used in this study. (A) The BamHI-map of EHV-1 BAC pRacH (Rudolph and Osterrieder, 2002) is given, and the
additional site within sequences of the inserted mini F plasmid pHA2 (black box) is marked (+). (B) The location of open reading frames UL52, UL53, and
UL54 (EHV-1 genes 5, 6, and 7; Telford et al., 1992), is depicted within the SphI fragment used for the generation of the repaired virus HDgKR. Plasmids ptKS
(B), and ptKGFPfus (D) as well as the PCR product conferring kanamycin resistance (kan), used for the generation of HDgK (B, C), are described in the text.
Primer sites used for control sequence reactions within generated virus genomes and restriction enzyme recognition sites are indicated.
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virus, in which expression of gp2 was restored but which still
harbored the deletion of gK (Fig. 1C). The resulting non-
fluorescent virus population was plaque purified. The
TCgKGFP cells were able to complement for the deletion
of gK in trans, and plaque sizes reached approximately 70%
of those of parental RacH (see below). Nevertheless, another
cell line, TCgK, was generated carrying the authentic gK-
ORF again under control of the HCMV-IE promoter. TCgK
recombinant cell clones were identified by testing for
complementation of HDgK. In addition, a gK revertant virus,
HDgKR, was generated by homologous recombination
between DNA of plasmid ptKS and HDgK viral DNA (Fig.
1B). Finally, another gK recombinant virus, HgKGFP, which
expresses the gK-GFP fusion protein under the authentic gK
promoter, was isolated by introducing sequences of plasmid
ptKGFPfus into HDgK DNA after co-transfection into RK13
cells (Fig. 1D). Resulting plaques were subjected to three
rounds of plaque purification.
Deletion of EHV-1 gK results in significantly impaired virus
growth
In a first series of experiments addressing the growth
properties of the generated recombinant viruses, the
influence on virus growth of deleting or mutating EHV-1
gK sequences was assessed by comparative one-step growthkinetics using multiplicities of infection (MOI) of 2. For
these studies, the gK-negative virus was propagated on
TCgK cells unless stated otherwise. As summarized in Fig.
2A, the deletion of the N-terminal 88% of gK-encoding
sequences resulted in a decreased and delayed production of
infectious progeny. The decrease in intracellular infectivity
was approximately 50-fold, whereas extracellular titers were
reduced by over 1000-fold at all times after infection
(HDgK versus RacH: 7355-fold at 30 h p.i.). In contrast, the
gK-repaired virus HDgKR replicated with wild-type
kinetics, minimizing the possibility of spurious mutations.
When growth of HDgK was tested on the gK-expressing
cell lines at 30 h p.i., however, intracellular titers were
slightly reduced (by approximately 6-fold). Extracellular
titers were reduced between 20- and 30-fold (data not
shown). Apparently, both gK-expressing cell lines comple-
mented quite well, but failed to completely restore the
absence of gK. Possible explanations are that neither gK nor
gK-GFP is expressed in 100% of the cells in the generated
cell lines, or that other factors such as the kinetics of
expression and the amount of protein synthesized could
influence the functionality of gK (Foster et al., 2003b;
Hutchinson and Johnson, 1995; Hutchinson et al., 1993).
Taken together, however, the data of virus growth kinetics
indicated an important role of the deleted gK ORF for EHV-
1 replication in vitro, and a substantial reduction of
extracellular infectivity was observed.
Fig. 2. Single-step virus growth kinetics of RacH (A, B, ), HDgK (A, n), HDgKR (A,4), and HgKGFP (B, .). RK13 cells were infected at an MOI of 2 of
the indicated viruses. Kinetics of virus growth are depicted as virus titers determined in supernatants of infected cells (extracellular infectivity) or within
infected cells (intracellular infectivity). Shown are means of two individual and independent experiments, respectively. Standard deviations are given as error
bars above symbols.
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virus HgKGFP seemed to be functionally almost equivalent
to authentic gK for EHV-1 replication in RK13 cells, and
growth kinetics of the HgKGFP virus appeared to be very
similar to those of RacH. Only minor reductions in
intracellular (up to 3.2-fold at 24 h p.i.) and also
extracellular virus titers were observed (maximally 6-fold
at 12 h p.i.) (Fig. 2B).
EHV-1 gK is necessary for efficient plaque formation
The next series of experiments addressed the ability of the
various recombinant viruses to spread from cell-to-cell as
assayed by the determination of plaque sizes and phenotypes.
In Fig. 3, the plaque analysis data are summarized: only
single HDgK-infected cells or very small foci of only few
infected cells (arrow) were detectable on RK13 cells, whereas
both recombinant cell lines (TCgK and TCgKGFP) com-
plemented for plaque formation, albeit at somewhat reduced
sizes (Fig. 3A). In this context, it was interesting to note thatthe gK-GFP expressing virus, HgKGFP, induced smaller
plaques in RK13 cells (Fig. 3B). It can therefore be surmised
that the plaque phenotype of HgKGFP, similar to the one
observed for HDgK on TCgKGFP cells, was caused by a
decreased ability of the truncated and GFP-fused gK protein
to support direct cell-to-cell spread.
Virus penetration and syncytium formation are independent
of the presence of the extreme C-terminal region of EHV-1
gK
PRV and HSV-1 gK have been shown to be involved in
virus penetration as well as in late events of replication
(Foster et al., 2001; Klupp et al., 1998). To address whether
EHV-1 gK supports virus penetration into target cells, the
rates of penetration of various recombinant viruses into RK13
cells were determined. HDgK penetration was measured by
counting immunofluorescently labeled single infected cells
and small foci, whereas plaques of RacH and HgKGFP were
clearly visible and therefore counted without a staining
Fig. 3. Plaque sizes of RacH and its recombinant derivatives. gK-expressing cell lines TCgK and TCgKGFP, or RK13 cells were seeded in 6-well plates and
infected with 50 PFU of RacH (A, B), HDgK (A), HDgKR (A), or HgKGFP (B), respectively. At day 4 p.i. plaques were documented and digitally processed
before maximal diameters of 150 respective plaques were determined. Average plaque sizes are given in percent (%) and were set in relation to sizes of RacH
plaques, which were set to 100%. Standard deviations are given as error bars. n.m.: not measured.
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a delay of penetration by 21% to 42% after 10 and 40 min,
respectively, while replacing gK by gK-GFP did not
detectably reduce the rate of penetration. The penetration
efficiency of HDgK virus grown on complementing cells,
thus being phenotypically complemented (HDgK-c), was
similar to those of parental RacH or the HgKGFP virus.
Fusion of membranes not only occurs during virus
penetration but also during later steps of EHV-1 infection.
One possible effect of viral proteins on membrane fusion is
the induction or repression of formation of virus-induced
syncytia in a cell monolayer. In the case of EHV-1, it was
noted that strain RacH, which exhibits a syncytial pheno-
type caused by a truncation of the cytoplasmic tail of gB
(Neubauer et al., 1997a), was not able to induce significant
fusion of RK13 cells in the absence of gK. Syncytia
formation, however, was readily observed (i) when wild-
type gK was expressed in RacH, (ii) gK was supplied inFig. 4. (A) The efficiency of virus penetration into RK13 cells of RacH ( ),
complementing TCgK cells are indicated by the suffix c (HDgK-c; 5). All ot
independent experiments. Standard deviations are indicated by error bars. (B) RK1
or HgKGFP (3), and syncytia were documented at day 2 p.i. Cells were infectedtrans (growth of HDgK on cell line TCgK), and (iii) the gK-
GFP fusion protein was expressed by recombinant virus
HgKGFP (Fig. 4B).
From the penetration assays and from the results of
syncytia formation using various gK mutant viruses and cell
lines, we concluded that EHV-1 gK is involved in
membrane fusion during the early penetration events and
in virus-induced syncytia formation. The presence and/or
architecture of the extreme C-terminus of gK was not
important for mediating these properties, and presence of
EGFP at the carboxy-terminus did not interfere with gK’s
fusogenic properties during virus entry or at later times p.i.
with respect to syncytium formation.
gK-GFP localizes to the Golgi area
Various attempts to generate reagents for immunodetec-
tion of the EHV-1 gK protein had failed. Therefore, the gK-HgKGFP (.), and HDgK (n). Virus stocks prepared after infection of
her virus stocks were grown on RK13 cells. Shown are means of three
3 cells (1–4) or TCgK cells (5) were infected with RacH (1), HDgK (2, 4, 5),
at an MOI of 0.1 with the exception of (2) where an MOI of 1 was used.
A. Neubauer, N. Osterrieder / Virology 329 (2004) 18–3224GFP fusion gene was constructed and expressed as
demonstrated above. Whereas the typical distribution of a
very bright fluorescence throughout the nucleus and cyto-plasm was observed in GFP-expressing control cells (Fig.
5B), the fusion of GFP with gK resulted in a completely
different pattern of protein distribution. The fluorescent
A. Neubauer, N. Osterrieder / Virology 329 (2004) 18–32 25signal in TCgKGFP cells, which constitutively express the
gK-GFP fusion protein (compare Fig. 5A, 0 h), was less
intense, predominantly cytoplasmatic, and the fusion protein
exhibited a granular or net-like distribution. Some fluores-
cence also accumulated in the perinuclear region. TCgKGFP
cells were then infected with HDgK to monitor putative
changes in gK-GFP distribution upon EHV-1 infection. As
compared to cells fixed immediately after infection (0 h), the
gK distribution pattern in TCgKGFP cells at later times p.i.
appeared to be more localized and was highly reminiscent of
the Golgi area at earlier times p.i. (Fig. 5A, shown at 6 h p.i.),
while the distribution became more diffuse at later times p.i.
(later than 8 h p.i., data not shown). The latter could be
caused by a more prominent cytopathic effect at the later
time point or simply by a more intense signal of gK-GFP
present on the cell surfaces. To further determine the
subcellular localization of gK-GFP, TCgKGFP cells were
stained with antibodies directed against g-adaptin, a protein
that is resident in the trans-Golgi network, and the staining
patterns were compared between cells fixed at 0 and 6 h p.i.
At 6 h p.i., the gK-GFP fluorescence was shown to be
concentrated in a compartment that was reactive with the
Golgi-specific marker in the majority of the cells (Fig. 5A),
indicating that during EHV-1 infection, gK localizes to the
Golgi area.
To analyze the subcellular distribution of gK-GFP in
infected cells in more detail, RK13 cells were infected with
recombinant virus HgKGFP (MOI = 2), and EGFP
fluorescence was documented by confocal laser scanning
microscopy at several time points between 0 and 10 h after
infection. As demonstrated in Fig. 5B, gK-GFP fluorescence
was detectable as early as 4 h after infection and increased
with time. The distribution pattern changed from a very
characteristic globular signal—reminiscent of the trans-
Golgi network—to a more general distribution in the
cytoplasm at later time points (starting at 8 h p.i.). In
control experiments, RK13 cells were infected with another
recombinant EHV-1 expressing EGFP under the control of
the HCMV immediate early promoter (HDgp2, Rudolph and
Osterrieder, 2002) and the resulting typical EGFP fluores-
cence pattern is shown in the respective panel in Fig. 5B (6
h p.i.), clearly underlining the difference in the distribution
of fluorescent signals between EGFP only and the gK-GFP
fusion protein. To again confirm the localized pattern of the
gK-GFP fusion protein from 5 to 8 h p. i., infected cells
were labeled for g-adaptin (Fig. 5C). As exemplarily
demonstrated at 7 h p.i., the gK-GFP protein co-localizedFig. 5. Fluorescence analyses of the gK-GFP fusion protein. (A) TCgKGFP-cells,
the gK-negative virus HDgK at an MOI of 2, and fixed at the indicated times p.i
whereas the TGN-marker protein g-adaptin was visualized using a specific monoc
secondary antibody (red). Cells were analyzed and digitally documented using a co
enlarged in alternating rows. (B) Fluorescence of the gK-GFP fusion protein expre
infected with HgKGFP or HDgp2, an EHV-1 expressing EGFP, at an MOI of 2 an
cells were permeabilized and immunofluorescently stained for the TGN marker g-
are shown in the following row. Fluorescences were recorded separately to avoid
with the green signal GFP fluorescence (gK-GFP).with g-adaptin in several cells, corroborating the above
described findings that suggested passage of gK through the
cell’s secretory network in infected cells.
Complete processing of gK-GFP is dependent on EHV-1
infection
In the next experiments, Western blot analyses were
performed using anti-GFP antibodies to analyze synthesis
and processing of EHV-1 gK. Whereas a strong reactivity of
a protein with an apparent Mr of 50,000 was dominant in
lysates of uninfected TCgKGFP cells, additional and more
slowly migrating bands exhibiting Mrs between 55,000 and
65,000, as well as between 80,000 and 85,000 were observed
after infection of TCgKGFP cells with HDgK (Fig. 6A).
Several less abundant bands of smaller apparent Mrs were
also observed in these samples, which might represent
degradation products of the fusion protein. All reactivity
accumulated at the top of the gel (Fig. 6A) or even
completely disappeared (not shown) upon heating of
samples at 99 8C before loading onto the gels, indicating
aggregation of the hydrophobic protein. Following these
experiments and to corroborate our findings, we analyzed
expression of the gK-GFP fusion protein in recombinant
virus HgKGFP, which expresses the gK-GFP fusion protein
under the authentic gK promoter. The same gK-GFP
moieties that were observed in TCgKGFP cells upon
infection with HDgK were observed in HgKGFP-infected
RK13 cells (Fig. 6A). From these experiments, we con-
cluded that the gK-GFP fusion protein appeared to depend
on other viral gene products for complete processing.
The gK-GFP fusion protein is detected in preparations of
extracellular virions
Although fusion with EGFP could theoretically alter the
folding and/or transport of gK significantly, the gK-GFP
fusion protein was found to be incorporated into purified
viral particles. The gK-GFP protein was detected in both
purified HDgK virions prepared from supernatants of
TCgKGFP cells (data not shown), and in HgKGFP virions
prepared from supernatants of RK13 cells using a GFP-
specific antibody (Fig. 6B). In virus preparations from
supernatants of infected cells that were clean as reflected by
the absence of nonstructural proteins pUL34 and pUL45
and by the presence of only the mature form of gB (Fig. 6B,
Neubauer et al., 2002; Oettler et al., 2001), the two slowerwhich constitutively express the gK-GFP fusion protein, were infected with
. The gK-GFP fusion protein was detected by its autofluorescence (green),
lonal antibody reacted with an anti-mouse IgG Alexa Fluor 546 conjugated
nfocal LSM510 microscope, and examples of planes through single cells are
ssed by recombinant virus HgKGFP. RK13 cells seeded on coverslips were
d fixed at different time intervals as indicated. At 7 h p.i., HgKGFP infected
adaptin. Views of recordings of individual planes obtained from single cells
bleed-through, before red fluorescence representing g-adaptin was merged
A. Neubauer, N. Osterrieder / Virology 329 (2004) 18–3226migrating forms of the gK-GFP fusion protein were
detected, suggesting that these might represent mature and
terminally processed forms of the protein.
The gK-GFP fusion protein is N-glycosylated
To investigate the possibility that N-glycosylation may
account for some of the observed gK-GFP protein species in
Western blots, experiments were performed in the presence
or absence of the N-glycosylation inhibitor tunicamycin.
When co- and posttranslational N-glycosylation was pre-
vented, the different forms of gK-GFP disappeared and only
one protein band of an Mr of approximately 42,000 was
detectable. This gK-GFP moiety exhibited higher mobility
than all the gK-GFP forms observed before (Fig. 6C),
indicating that all variations of the proteins observed beforewere a consequence of gK-GFP processing and trafficking
through the secretory pathway. The Mr 42,000 precursor did
not correspond to any form of gK-GFP observed in
TCgKGFP cells, indicating immediate co-translational
processing of the protein in the cell line.
The extent of processing of the N-linked carbohydrate
chains was further studied using endoglycosidase H
(EndoH) and PNGase-F (NGF) on lysates of infected cells
(Figs. 6C, IC) and on purified virions (Figs. 6C, V). In
contrast to the reduction of various bands to one detectable
protein after treating cells with tunicamycin, PNGase-F
digest resulted in two major protein moieties exhibiting Mrs
of approximately 42,000, and 70,000, respectively. These
data indicated that not all forms of gKGFP simply resulted
from N-glycosylation of one backbone, but that both the
slower migrating protein moieties were reduced to about
the same extent. One would expect a PNGase-F induced
decrease in the apparent molecular weight by approx-
imately 6000, if the predicted two sites were used for
addition of N-linked carbohydrates, respectively. Never-
theless, the more prominent reduction of about 15,000–
17,000 (in either of the slower migrating protein moieties)
observed in these experiments is not unusual for complex
glycosylation of EHV-1 proteins in RK13 cells. Three
putative sites within the sequence of EHV-1 pUL45 cause a
change of about 20,000 in the protein’s apparent molecular
weight (Oettler et al., 2001). In addition, gK-GFP
repeatedly was migrating unusually in SDS-PAGE, possi-
bly due to its hydrophobic character. It is conceivable that
upon addition or removal of N-linked carbohydrate chains,
the protein’s migration pattern change more drastically than
predicted.
Upon treatment with EndoH, both the Mr 55,000 to
65,000 and 80,000 to 85,000s forms were resistant toFig. 6. (A) Western blot analysis of lysates of TCgKGFP cells infected at an
MOI of 2 with HDgK (10 h p.i.; TCgKGFP  HDgK), or of RK13 cells
infected with HgKGFP, both expressing the same fusion protein. Cells were
lysed at the given times after infection, kept on ice (4 8C) or heated to 99 8C
(5 min), and subjected to SDS-10%-PAGE. After transfer of separated
proteins to nitrocellulose, blots were incubated with an anti-GFP antibody
(Santa Cruz) that was visualized with an anti-rabbit IgG horseradish
peroxidase-conjugated antibody (Sigma). Prestained molecular weight
marker sizes (Biolabs) are indicated in thousands. (B) Western blot analysis
(SDS-12%-PAGE) of HgKGFP virions (V) purified from supernatants of
infected RK13 cells, and of lysates of HgKGFP-infected RK13 cells (IC-
8h). (C) Western blot analysis of TCgKGFP cells, of RK13 cells that were
infected at an MOI of 2 with HgKGFP, or of HgKGFP virions. Infected
cells were either suspended in deglycosylation buffer (see text) 10 h p.i. or
lysed after parallel incubation in the presence of tunicamycin (10 Ag/ml; IC-
Tun). Infected cells (IC) or virions (V), which were suspended in
deglycosylation buffer, were incubated for another 16 h at 37 8C in the
absence (-N-buffer) or presence of either PNGase-F (-NGF) or endogly-
cosidase H (-EndoH). Another aliquot of purified virions was treated as
described in the text, incubated for 16 h in the presence (-V-OG) or absence
(V-O-buffer) of O-glycosidase, and subjected to SDS-12% PAGE. Nitro-
cellulose sheets were incubated with the anti-GFP (gKGFP), the anti-UL34,
the anti-UL45 antibody, or with the anti-gB mab 3F6 as indicated (UL34,
UL45, gB). Sizes of a prestained molecular weight marker (Biolabs) are
indicated in thousands.
Fig. 7. (A) Western blot analysis of RK13 cells that were infected at an MOI
of 2 with HgKGFP. Cells were lysed at the given times after infection and
subjected to SDS-12% PAGE. (B) Western blot analysis of RK13 cells
infected with HgKGFP in the presence of phosphonoacetic acid (PAA: 0,
0.1, 0.5, or 1 mg/ml of medium; as indicated). (C) Western blot analysis
(SDS-12% PAGE) of RK13 cells infected with RacH, HDgK, HDgKR, or
HgKGFP at an MOI of 2 (8 h p.i.). Blots were incubated with antibodies
directed against the given proteins and reactions were visualized with
horseradish peroxidase-labeled anti-mouse or anti-rabbit IgG antibodies
(Sigma). Molecular weight marker sizes are indicated in thousands.
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derived and fully glycosylated proteins. Taken together, our
results also suggested that the slowest migrating form of gK-
GFP observed after glycosidase treatment presented a form
of gK-GFP that is apparently modified other than just by
simple N-glycosylation. This form of the fusion protein
could either be the result of O-glycosylation or represent a
homo- or hetero-oligomeric form of gK-GFP. As the reactive
pattern of gK-GFP was not substantially altered in Western
blot analyses after treatment of virions with a combination ofneuraminidase and O-glycosidase (Fig. 6C), formation of an
oligomer seems likely. The formation of this putative
oligomer would then depend on correct folding in conse-
quence to N-glycosylation within the secretory pathway.
The gK-GFP fusion protein is expressed with early–late
kinetics
The kinetics of gK-GFP expression were analyzed and
compared to those of several other viral proteins (represen-
tative data are shown in Fig. 7A). The gK-GFP fusion
protein was first detected at 4 h p.i., whereas the UL45
product, a true late glycoprotein of EHV-1, did not appear
before 7 h p.i. The Mr 50,000 gK-GFP moiety was the first
to be observed, while the slower migrating forms of Mr
55,000 to 65,000 and 80,000 to 85,000 were detectable at
later times and became more prominent over time. The
kinetic class of the gK-GFP protein, regulated by authentic
gK-promoter sequences, could be defined as early–late
because the expression was reduced but not completely
abolished by inhibition of viral DNA synthesis using
phosphono-acetic acid (PAA) (Fig. 7B). Finally, to assess
a putative influence of deleting or mutating gK-sequences
on expression of other viral proteins, EHV-1 proteins such
as pUL45, pUL34, gM, or gB were compared in parallel
blots and no difference in expression kinetics or processing
was obvious in the presence or absence of authentic gK or
after co-expression of the gK-GFP protein (Figs. 7A, C).Discussion
In this study, the structural and functional properties of
EHV-1 gK were investigated using several recombinant
viruses. The salient findings of these experiments were that
the EHV-1 gK homologue is important for virus growth in
vitro, and that gK is critically involved in direct cell-to-cell
spread and in secondary envelopment and/or egress. Finally,
gK facilitates virus penetration and is at least partially
responsible for syncytium formation at later times post-
infection. We therefore concluded that EHV-1 gK is either
involved in an early step of virus assembly before the cell-
to-cell spread and virus egress pathways diverge, or that gK
is involved in membrane fusion processes that are important
for both pathways.
These above conclusions were drawn based on the
finding that the gK-negative EHV-1 mutant, HDgK,
replicated to significantly decreased titers in RK13 cells,
and that especially the production of extracellular infectivity
was affected. Since the virus preparations used for perform-
ing the single-step growth kinetics had been harvested from
complementing cells, and since virus titers were also
determined on complementing cells, penetration efficiency
should not have been an issue influencing the results. Also,
experiments were conducted at high MOIs to exclude the
possible influence of cell-to-cell spread on the observed
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infected cells into the extracellular space. It was demon-
strated that the observed effects were caused by an absence
of gK because expression of representative late proteins—
like the products of UL10 (gM), UL27 (gB), UL34, or
UL45—was not grossly affected. These results strongly
suggest that gK did not have a readily detectable influence
on the production of other early and late proteins. The data
also indicated that expression of the adjacent ORFs UL52
and UL54 was unaffected by the manipulations within the
RacH genome. A decrease in the expression of the UL52
protein would presumably have affected the expression of
late genes, because the homologous HSV-1 UL52 protein is
part of the heterotrimeric helicase–primase complex, which
is essential for DNA replication (Goldstein and Weller,
1988). The UL54-encoded transcriptional activator ICP27
would have directly influenced the expression of late
promoters (Zhao et al., 1995). Considering our results and
the theoretical aspects outlined above, the reduction in
intracellular and especially extracellular virus titers caused
by a deletion of gK likely originates from defects to perform
required actions at a certain step of virus assembly and/or
egress. A single function in a very late event (e.g., the
inhibition of re-fusion with the cellular surface membrane)
was also excluded because intracellular titers should have
been unaffected in the absence of gK. Finally, a defect in a
step affecting post-Golgi transport of virions should have
led to an accumulation of intracellular infectivity. Based on
these findings, we currently assume that the deletion of gK
influences earlier steps in virus assembly and egress that
result in the observed massive reduction of extracellular
infectivity.
EHV-1 gK could play a role in fusion events at several
cellular membranes that are important in nuclear egress,
secondary envelopment at cytoplasmic vesicles, and the
traffic of mature virions to the cell surface. This role could
be a direct support of fusion or an inhibition of re-fusion
thereby assisting in directed egress. Another process
involving fusion of membranes, virus penetration, was less
efficient in the absence of gK. It is therefore tempting to
speculate that gK supports fusion of membranes in a direct
way. This suggestion is corroborated by the observed loss of
the ability of RacH to form syncytia in cell culture when gK
was absent. If one speculated that EHV-1 cell-to-cell spread
involved fusion of membranes as well, gK could also
function directly in the limited fusion events that would be
required for this process. This suggestion could then serve
as one possible explanation why the plaque phenotype is
reduced from large wild-type plaques in the presence of gK
to minute plaques in its absence, assuming of course that
this defect was not only consequence of the reduction in
RacH-induced syncytia formation.
The incomplete complementation of some of gK’s
functions by two different cell lines that constitutively
expressed either the authentic gK or the gK-GFP fusion
protein, as well as the slight replication defects ofrecombinant virus HgKGFP were puzzling. A possible
explanation for the inability of the TCgKGFP and TCgK
cell lines to completely restore growth of the gK-negative
virus may be that the protein is not expressed in 100% of the
cells. In addition, expressing gK under the control of the
HCMV IE promoter may result in aberrant expression levels
and/or timing, which have been shown to be important for
HSV-1 gK function (Foster et al., 2003b; Hutchinson and
Johnson, 1995; Hutchinson et al., 1993). In addition, our
observations for EHV-1 gK seem to be comparable to those
in HSV-1 and PRV where incomplete complementation of
the absence of gK-encoding sequences in recombinant
viruses was observed (Hutchinson and Johnson, 1995;
Jayachandra et al., 1997; Klupp et al., 1998).
This explanation, however, was not true when the
HgKGFP virus was analyzed. We concluded that the gK-
GFP fusion protein was able to only partially fulfill the
functions of authentic gK. This observation is not surprising
because the introduced changes included a substantial
increase of the molecular mass of the protein as well as a
truncation of gK-albeit in a region not influencing the in
vitro functionality of gK in HSV-1 (Foster and Kousoulas,
1999). Based on our data, the architecture of the C-terminal
region is not essential for the function of gK, but
perturbations in the last hydrophilic domain influence its
performance. However, the differential effects of gK’s
function in various steps of virus maturation have to be
interpreted carefully because an unspecific influence of the
presence of GFP on gK is conceivable, which may only be
detrimental in some of its functions. Foster et al. (2003a)
demonstrated that both the N- and the C-terminal portion of
HSV-1 gK are exposed on the infected cells surface.
Assuming that this is also true for the EHV-1 homologue,
it is interesting to note that the fusion of the 27-kDa EGFP
to the carboxy-terminal hydrophilic stretch of gK, which
would then be exposed on the surface membrane not only of
cells but also of virions, did not markedly influence
penetration efficiency. Further experiments will be neces-
sary to address the actual localization of this domain in
EHV-1 and to then eventually shed more light on the
membrane fusion processes involved.
The analyses of the co- and posttranslational modifica-
tions by analyzing a gK-GFP fusion protein indicated that
although the gK-GFP fusion protein clearly differs from
authentic gK, some general conclusions can be drawn.
Firstly, EHV-1 gK is a virion component, as shown by the
involvement of gK and gK-GFP in virus penetration and by
Western blot analyses of purified extracellular virions.
Secondly, analysis of the distribution of gK-GFP in cells
infected with HgKGFP or in TCgKGFP cells suggested that
EHV-1 gK represents a viral protein that mainly resides in
the ER and Golgi network, which is only poorly transported
to the cell surface.
The determination and interpretation of the host of
different gK moieties has been a challenging task. The
Mrs of the fusion proteins in Western blots were detected
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generate an EHV-1 gK-specific antibody failed. We were
unable to raise antisera in rabbits after application of various
hydrophilic peptides, by DNA immunization, and by
inoculation of E. coli or Sindbis virus-derived recombinant
protein (Neubauer and Osterrieder, unpublished). By sub-
tracting the predicted Mr of GFP of 27,000, we currently
have to interpret the data with great caution and surmise that
a gK precursor molecule is produced that exhibits an Mr of
approximately 15,000. This molecular mass would be less
than half of the predicted Mr of 38,000, even taking the
reduction by a cleavable signal sequence and the removal of
nine amino acids into account. Mature glycosylated forms of
gK, which are found in virions, then would exhibit sizes
between an Mr of 28,000 and 38,000, nicely corresponding
to the main glycosylated forms of gK in HSV-1 and PRV at
Mrs of 36,000 (Foster et al., 2001; Klupp et al., 1998). All
the Mrs discussed have been calculated relative to a
precision molecular weight marker (Biorad) after SDS-
10%-PAGE because Mrs appeared different already when
proteins were separated using 12% gels. The detection of
gK by SDS-PAGE and Western blotting seems to be
extremely dependent on the state of its unfolding after
treatment with reducing agents and SDS. In contrast to other
systems, we were not able to completely denature the
protein by heating the samples to 99 8C before separating
them by SDS-PAGE because the detection of GFP was
made impossible by an immediate aggregation of the fusion
protein at the beginning of the separating gel or was
completely absent, probably caused by the formation of
high molecular weight aggregates that would preclude
antibody detection. Taken together, the apparent discrep-
ancy between the observed and calculated Mrs of gK-GFP
could be either due to aberrant migration as explained above
or consequence of cleavage of the protein. The latter would
have to occur at a residue that is amino-terminal to the N-
glycosylation motives and could therefore maximally
remove 60 amino acids, 25 to 30 of which are predicted
to represent a cleavable N-terminal signal sequence. Finally,
the additional band of an Mr of approximately 80,000 to
85,000 could either reflect highly modified forms of gK-
GFP after addition of N-linked sugars and further side
chains such as O-linked glycans or could represent
homodimers or also heterodimers of gK-GFP and another
EHV-1 protein. As O-linked glycans were shown not to be
the reason for the increase in the apparent Mr, the formation
of oligomers seems to be the most likely explanation. If the
complex was oligomeric, its formation might be gK-
specific, but could also be mediated by interactions between
GFP molecules, as GFP itself can form dimers and trimers
in eukaryotic cells (Foster et al., 1998). However, it would
then be more difficult to understand why this interaction
should only occur in infected cells and not in cells
expressing gK-GFP alone. The Mr of approximately
80,000 to 85,000 species was never detected in transfected
cells, nor was it present in cells treated with tunicamycinindicating the necessity of further processing or the action of
other viral proteins for this band to appear. Future experi-
ments will address putative interactions of viral proteins
with gK. A suggested candidate for an interacting viral
protein is the EHV-1 UL20 protein, as the respective
homologues have been shown to be necessary for matura-
tion of gK in PRVor HSV-1 (Dietz et al., 2000; Foster et al.,
2003a).
In summary, using a gK-negative EHV-1 and a recombi-
nant virus expressing a gK-GFP fusion protein, novel data
on the structure and function of EHV-1 gK could be
accumulated. With the recombinant virus HgKGFP as a
tool, we will be able to elucidate the remaining open
questions of EHV-1 gK, especially with regard to its
presumed (functional) interaction with the UL20 product
in future studies.Materials and methods
Plasmids
EHV-1 gene 6 (1031 bp, Telford et al., 1992) is the
homologue of the HSV-1 UL53 ORF that encodes gK and
was amplified by conventional PCR (primer sequences: 5V-
atcggaattcatgttactcggggtagaacgg-3V; 5V-atatgcatgccgcc-
cacttgctcttagg-3V). The PCR product was cleaved with
EcoRI and SphI and inserted into vector pcDNAI/Amp
(Invitrogen), resulting in recombinant plasmid pcgK.
Correct amplification and insertion was determined by
cycle sequencing (MWG Biotech). To express a gK-GFP
fusion protein, nucleotides (nt) 1 to 1001 of the gK ORF
were fused in frame to the egfp gene in vector pEGFP-N1
(Clontech), using HindIII and tsp509I/EcoRI. The resulting
construct pcgKGFP thus encodes for a gK protein with the
predicted C-terminal 9 amino acids (nt 1002–1029) replaced
with EGFP. Plasmid ptKS contains a 3.9 kbp SphI fragment
of EHV-1 strain RacL11, encompassing the gK ORF and
adjacent viral sequences (Fig. 1B). To generate a virus
expressing the truncated gK-GFP fusion protein, plasmid
ptKGFPfus was designed (Fig. 1D). Restriction enzyme
recognition sites of StuI and SpeI within gK sequences in
plasmid ptKS were used to partially remove the C-terminal
gK sequences (nt 874–940) and to replace them with the
respective part of the gK-GFP gene isolated from plasmid
pcgKGFP (StuI, XbaI). Plasmid p71 contains sequences of
the RacH gene 71 including flanking regions and was used
to restore expression of gp2 exactly as described elsewhere
(Rudolph and Osterrieder, 2002).
Cells and viruses
EHV-1 strain RacH was propagated on RK13 cells
cultivated in minimal essential medium (MEM) supple-
mented with 5% fetal calf serum (FCS) (Hu¨bert et al., 1996;
Neubauer et al., 1997a). Recombinant cell lines, TCgKGFP
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transfection of RK13 cells with 1 Ag of either plasmid
pcgKGFP or of plasmid pcgK, and 0.1 Ag of plasmid
pSV2neo (conferring resistance to G418; Neubauer et al.,
1997a). Individual cell clones were either selected for
expression of the gK-GFP fusion protein (TCgKGFP cells)
or for complementation of a gK-negative EHV-1 (TCgK-
cells). The medium of every 5th passage of recombinant cell
lines was supplemented with G418 (500 Ag/ml).
Generation of recombinant viruses
The EHV-1 bacterial artificial chromosome (BAC) clone
pRacH has been previously described (Rudolph and
Osterrieder, 2002), and contains mini-F vector sequences
instead of the EHV-1 gene 71 encoding gp2 (Fig. 1A). DNA
of pRacH was manipulated by E/T cloning in DH10B cells
containing pGETrec that encodes the RecE and RecT
proteins mediating homologous recombination between a
PCR-generated linear DNA-fragment and circular pRacH
DNA exactly as reported by Rudolph and Osterrieder
(2002). PCR primers were selected such that the recombi-
nation arms of 50 nt enabled the replacement of nt 1 to 906
of the EHV-1 gK gene by the kanR gene amplified out of
plasmid pACYC177 (MBI Fermentas) (Fig. 1B; Primer: 1:
5Vatcacaagtagcagatagactagtttcccacacaggttagccagcaccgt-
gccagtgttacaaccaattaacc3V, 2: 5Vatgtgcaccat ttttacgctag-
aggtggacagagccaaataggccagctacgatttattcaacaaagccacg3V;
primer sequences necessary for amplification of the kanR
gene are in bold letters). Colonies harboring mutated pRacH
were isolated by resistance to kanamycin; extrachromoso-
mal DNA from kanamycin-resistant colonies was purified
and characterized by restriction fragment pattern analysis
before being used to reconstitute the gK- and gp2-negative
HDgKDgp2 virus in TCgKGFP-cells (see Results). In
contrast, the gK-negative but gp2-repaired virus HDgK,
the gK- and gp2-repaired virus HDgKR, and the virus
HgKGFP expressing the gK-GFP fusion protein were
isolated after homologous recombination of plasmid and
viral DNA in eukaryotic cells, followed by three rounds of
plaque purification. Restriction fragment patterns of viral
DNAs were analyzed by agarose gel electrophoresis and
subsequent Southern blotting as described previously
(Neubauer et al., 2002). The EHV-1 SphI-fragment released
from plasmid ptKS (Fig. 1B), the kanR gene, or GFP-
sequences excised of vector pEGFP-N1were digoxigenin 11-
dUTP labeled and used as specific probes. Primer sites used
for control sequence reactions after PCR on generated virus
genomes are shown in Fig. 1.
Purification of virions
Supernatants of RK13 or TCgKGFP cells infected with
RacH, HDgK, or HgKGFP were harvested at 18 h p.i. and
cleared from cellular debris by low-speed centrifugation.
Virions were concentrated and purified by repeated cen-trifugation through a 30% sucrose cushion as described
earlier (Oettler et al., 2001).
Analysis of protein synthesis and deglycosylation
experiments
To inhibit either co-translational N-glycosylation or syn-
thesis of viral DNA, RK13 cells were infected at an MOI of 2
with HgKGFP and incubated in the presence of tunicamycin
(10.0 Ag/ml) or phosphonoacetic acid (PAA: 0.1, 0.5, or 1mg/
ml), respectively. To remove N-linked carbohydrates,
infected cells or purified HgKGFP-virions were suspended
in deglycosylation buffer (Klupp et al., 1998) and incubated
for 16 h in the presence or absence of either 2 U of PNGase-F
or 20 mU of endoglycosidase H (Roche Molecular Bio-
chemicals). To remove O-linked carbohydrates, virions were
suspended in a buffer containing sodium acetate (pH 5.2; 50
mM) and calcium chloride (4 mM) allowing the removal of
sialic acid side chains by Neuraminidase (1 U, 1 h, 37 8C,
Roche Molecular Biochemicals), before they were pelleted
and suspended in a Tris-phosphate buffer (20 mM, pH 7.4).
These virion preparations were then incubated for 16 h in the
presence or absence 2 U of O-glycosidase (Roche Molecular
Biochemicals).
Western blotting and fluorescence
Cells were infected with the indicated viruses (MOI = 2,
unless stated otherwise) and lysed at the given times p.i.
Samples were suspended in buffer containing 5% 2-
mercaptoethanol (Sambrook et al., 1989) and then either
heated at 99 8C for 5 min or left on ice. Samples intended
for detection of the gK-GFP fusion protein were kept on ice
throughout. Proteins were separated by SDS-10%- or SDS-
12%-PAGE, and blotted onto nitrocellulose filters. Antibody
binding was visualized using anti-mouse or anti-rabbit
immunoglobulin G peroxidase conjugate followed by ECL
detection (Pharmacia-Amersham). Apparent Mrs were
measured relative to the precision protein standard (Bio-
Rad) after separation by SDS-10%-PAGE.
To analyze cells for EGFP autofluorescence or by indirect
immunofluorescence (IIF), cells were grown on glass cover-
slips, infected with the indicated viruses, fixed with 4% PFA
at the times stated, permeabilized with digitonin (0.0025%),
and processed as described (Oettler et al., 2001). EGFP
autofluorescence and anti-rabbit or -mouse Alexa Fluor 546
conjugates (Molecular Probes) fluorescence were analyzed
and digitally documented using an Axioscope or a confocal
LSM510 microscope (Zeiss).
Antibodies
The monoclonal anti-EHV-1 gB antibody (mab 3F6;
Allen and Yeargan, 1987), polyclonal anti-EHV-1 gM,
UL45 or UL34 rabbit sera (Neubauer et al., 2002; Oettler
et al., 2001; Seyboldt et al., 2000), and an anti-GFP
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this study. The anti-g-adaptin mab was used as indicated by
the manufacturer (Sigma Immunochemicals).
Virus growth kinetics and plaque size measurements
Infections of cells in 6-well plates were synchronized by a
60 min virus adsorption period at 4 8C. Another 60 min of
virus penetration at 37 8C followed, before extracellular
infectivity was inactivated using a citrate buffer (pH 3.0).
This also represented the first time point of virus growth
kinetics, and at various subsequent time intervals, parallel
samples of infected-cell supernatants and infected cells were
harvested. Harvested cell samples were treated with citrate
buffer to exclude contamination with extracellular infectivity,
while supernatants were cleared of cellular debris by low
speed centrifugation. Intracellular and extracellular virus
titers were determined on RK13 cells or on complementing
cells, respectively. Plaque sizes were analyzed on cells in 6-
well plates infected with 50 plaque-forming units (PFU) per
well of the respective viruses and incubated for 4 days under a
0.25% methocellulose overlay. Plaques were digitally docu-
mented with an Axiovert microscope (Zeiss) before cells
were stained with crystal violet and maximal diameters of
plaques were measured. For each virus, measurements of 150
randomly selected plaques were taken using a magnifying
glass with a metric scale. Calculated average sizes were
compared to that of parental plaques, whichwere set to 100%.
Penetration assays
Penetration assays were performed as previously
described (Neubauer et al., 1997a). The efficiency of
penetration was judged at given time points by comparing
the percentage of infectious foci developing in samples after
treatment with citrate buffer relative to the total number of
infectious foci counted in parallel, PBS-treated samples.Acknowledgments
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